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3N forces Near N = 32
Precision Mass Measurements at TITAN
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NN and 3N Forces

4

Mass Number A

• NN-only interactions greatly 
overbind!
• Need repulsive 3N contribution

Phenomenological Forces:
• Predict N=28 closure
• Disagree on N=34
NN-only Forces:
• NN predict large N=32 
closure
• No N=28 shell closure!

J. D. Holt et al., J. Phys. G: Nucl. Part. Phys. 39, 085111 (2012)
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Chiral EFT

resolution scale / cut-off 3 body forces!

➡ systematic 
expansion in Q/Λ

Excellent agreement 
with experiment in 

light systems

Short range 
couplings; fit to 

experiment once in 
A=3,4 systems

E. Epelbaum et al., Rev. Mod. Phys., 81, 1773 (2009)
S.K. Bogner et al., Prog. Par. Nuc. Phys., 65, 94, (2010)

Explains Hierarchy:  VNN > V3N > V4N 



August 15th, 2012

Previous Work at N=32,34
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T. Rodríguez and J. Egido, 
Phys. Rev. Lett. 99, (2007)

A. Bürger et al., Physics 
Letters B 622, 29 (2005)

D. C. Dinca et al., Phys. 
Rev. C 71, (2005)

Selection of results:
• Good agreement on excitation energies
• B(E2)’s leave something to be desired

Cr

Ti
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Previous Work at N=32,34
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G. Hagen et al., 
Phys. Rev. Lett. 109, 

032502 (2012)

A. Schwenk, priv. 
comm., 2012
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Previous Work at N=32,34

7

G. Hagen et al., 
Phys. Rev. Lett. 109, 

032502 (2012)

Weak N=34
sub-shell

Drip-line near
N=60?

A. Schwenk, priv. 
comm., 2012
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Recent Ca + 3N Forces
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G. Hagen et al., 
Phys. Rev. Lett. 109, 032502 (2012)

R. Roth (P. Navrátil) et al., 
Phys. Rev. Lett. 109, 052501 (2012)

A.T. Gallant et al., 
Phys. Rev. Lett. 109, 032506(2012)
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ISAC @ TRIUMF

TITAN
(mass)

500 MeV protons

target &
ion source

high resolution mass 
separator magnet

pre-separator
magnet

to experiments

<60 keV
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Isotope Yields
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UCx (Surface):

K-51 50-100 /s

K-52 3-4 /s
No Sc's

HP Ta (Laser + Surface):

Ca-39  5.1/s 

Ca-49 6.3e5/s
Ca-50 9.1e4/s

Ca-51 1.4e4/s

Ca-52 1.3e3/s

Laser ON/OFF Yield Ratios

Ca-50 6.8 (eff. 8.6%)

Ca-51 5.2 (eff. ~6.3%)



off-line ion source

SCI
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TITAN
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Bradbury-Nielsen

A. Lapierre et al., NIMA 624, 54 (2010)

M. Brodeur et al., IJMS 310, 20 (2012)

T. Brunner et al., NIMA 676 32 (2012)

T. Brunner et al., IJMS 309, 97 (2012)

J. Dilling et al., IMJS 251, 198–203 (2006)



ν+ >> νz >> ν−

Er ∝ ν2+ρ
2
+ + ν2−ρ

2
−

≈ ν2+ρ
2
+
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Penning Traps
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Relevant frequencies

Radial energy:

νc = ν+ + ν− =
1

2π

q

m
B

Lorentz-steerer
=> pure magnetron motion 

Convert magnetron motion to reduced 
cyclotron motion
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1.74 MeV!
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Results - Theory
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Flattening well 
reproduced by theory

Weak sub-shell 
closure predicted.

Similar to CC calculation
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Summary
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• Large deviations found to AME2003
• Potentially large impact on predicted location of 
drip-line

• Continue campaign out to N=34
• Mass measurements of Sc

• 3N forces reproduce the experimental results
• Further experiments will provide stringent tests 
of 3N forces in medium mass nuclei
• Same 3N forces are important for neutron 
matter
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Thank you!
The TITAN Group:

A.T. Gallant, J.C. Bale, T. Brunner, U. Chowdhury, S. Ettenauer, A. Lennarz, D. Robertson, 
V.V. Simon, A. Chaudhuri, A.A. Kwiatkowski, E. Mané, B.E. Schultz, M.C. Simon, C. Andreoiu, 
P. Delheij, M.R. Pearson, H. Savajols, and J. Dilling

TRIUMF Staff: 
Jens Lassen & the TRILIS Team, Marik Dombsky, Peter Kunz 
& the yields team, TRIUMF Operators

And the rest of the TITAN collaboration....

Theory:

Achim Schwenk, Jason Holt, Javier Menéndez
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Resurgence of N=28
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Stronger N=28 Shell Gap

A. Lapierre et al., Phys. Rev. C, 85, 024317 (2012)

Large Deviations from 
tabulated values

Much stronger neutron 
shell gap at N=28


